Abstract. The drift of charge carriers in the p-Si 0.88 Ge 0.12 /Si heterostructures under strong lateral electric fields and conditions of carrier generation by the band-to-band light absorption has been investigated experimentally. The data of the drift length, drift mobility, and lifetime of charge carriers within the temperature range 20 to 77 K under the electric field up to 1500 V/cm are presented.
Introduction
The silicon-based heterostructures SiGe/Si are attractive to be used in various functional electronic and optoelectronic devices because of their simple and cheap technology as well as due to possible integration with silicon electronics. There was reported about development of various kinds of transistors [1] [2] [3] [4] , photodetectors based on intrinsic absorption as well as based on intraband and impurity optical transitions [5] [6] [7] [8] [9] , lasers for the THz range [10, 11] .
Operation of these devices is substantially determined by recombination, diffusion and drift parameters of non-equilibrium charge carriers (NCC). The processes of electron-hole recombination in quantum wells (QWs) of р-SiGe/Si heterostructures are sufficiently well investigated (e.g. [12, 13] ). At low temperatures the measured lifetimes of NCC in these structures vary from several tenths of nanoseconds to hundreds of microseconds depending on the QW width, germanium fraction, doping profile, impurity concentration, and defect nature. The data on the NNC diffusion length in the p-SiGe/Si heterostructures with QWs are given in a lot of published papers (e.g. [14, 15] ). However, until now no investigation of the NNC drift in QWs of р-SiGe/Si heterostructures under strong lateral electric fields has been carried out.
This paper is devoted to investigation of the lateral drift of photo-generated charge carriers in the р-SiGe/Si heterostructures with QWs. The values of the drift length and drift mobility at low temperatures in a wide range of electric fields are given.
Samples and experimental techniques
The multilayer heterostructures of p-SiGe/Si were grown by the method of molecular beam epitaxy on n -Si substrates (100) with the resistivity ρ ≥ 1 kOhm·cm. (The structures were fabricated in the Center for Condensed Matter Sciences, National Taiwan University, Taipei.) The heterostructures consist of 10 periods containing 15 nm wide SiGe layers, the Ge fraction being of 12 at.% (QWs for holes). The SiGe layers are separated by 10 nm wide Si layers which form barriers for holes and shallow quantum wells for electrons. One part of samples under study was doped by a δ-like impurity layer in the central plane of the SiGe layer, and another part has a δ-impurity at its edge. The impurity concentration in the samples was 6·10 11 cm 2 per period. The samples contain also 80-nm wide buffer layers of Si between the substrate and heterostructure, and protecting 40-nm wide cap-layers of Si. The buffer and cap layers were δ-doped by boron with the concentrations 1.3·10 12 and 6·10 11 cm -2 , respectively. The samples were cut to have a rectangular shape with dimensions 8×3 mm. The strip ohmic contacts were made by deposition of Al on their surface and subsequent annealing in vacuum. The distance between contacts was 6.4 mm. The voltage bias from 30 to 1000 V was applied to the contacts in the pulse regime, the pulse duration and repetition frequency being 3 to 5 µs and 1 Hz, respectively.
The non-equilibrium charge carriers were generated by illumination of a sample surface with a narrow (~500 µm wide) light strip. The photon energy of the light beam was ћω =1.88 eV (λ = 657 nm) that is wider than the bandgap of the heterostructure layers. The light source was the semiconductor laser ML101J21. The light absorption coefficient in the case under consideration is about . Therefore, for the samples under study the intensity of charge carrier generation is practically constant along their width. The values of the drift length for charge carriers under the applied lateral electric field L drift (T,E) were determined from the measured dependences of the magnitude of electric current deviation ΔI caused by illumination on the distance between the illuminated area and anode contact, x. Below, for simplicity we refer to ΔI as to the photocurrent.
The lifetime of non-equilibrium charge carriers τ(T,E) needed in order to determine the bipolar drift mobility μ = L drift Е/τ was obtained from measurements of photoconductivity decay. In this case, the whole sample surface was illuminated by 3-µs long light pulses with the wavelength λ = 657 nm. The pulse duration of applied electric field in these measurements was 5 to 10 µs.
Measurements were carried out within the temperature range from 10 to 300 K. Within the range ~200 to 300 K, the applied electric field did not exceed 200 V/cm in order to avoid strong Joule heating the samples by a high electric current. At lower temperatures, the measurements were carried out with electric fields up to ~1400 V/cm.
Experimental results and discussion
The dependences of photocurrent on the position of illuminated area between contacts have different character in different temperature ranges and at different electric fields applied to the samples. At high temperatures and under all the investigated electric fields, the photocurrent is in fact independent of the light strip position, x, and is the same for both field directions. On the contrary, at low temperatures from 10 to 77 K and electric fields less than approximately 1000 V/cm one observes an increase of photocurrent with increasing distance x. This dependence in the samples doped in the center of QW has a sub-linear behavior, while in the samples doped at the edge of QW it is super-linear. A typical view of these dependences is presented in Fig. 1 . It should be noted that switching the field direction applied to a sample to the opposite one leads only to a mirror inversion of dependences described above in regard to x. This gives evidence that they are determined by lateral transport of non-equilibrium charge carriers and are not caused by inhomogeneity of a structure between contacts. At higher electric fields, the photocurrent first increases with increasing the distance between the illuminated area and anode, x. Then, beginning from some distance ΔI becomes constant (Fig. 2) . The range of x, where photocurrent is constant, becomes shorter with increase of electric field at a constant temperature.
It is natural to relate the observed difference in behavior of photocurrent induced by illumination of a part of a sample with different distributions of photogenerated electrons and holes along the sample between contacts. In a general case, it is determined by diffusion and drift of charge carriers. At higher temperatures and small fields, when the main role in transport of carriers is played by diffusion, the distribution of carriers in both directions from the illuminated strip is symmetrical, the concentration decay along the sample being exponential
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and the bipolar diffusion length L diff being a characteristic decay length [16] . If L diff is much less than the distance between electric contacts then the photocurrent magnitude does not depend on the position of the illuminated strip because at any x the carriers do not reach contacts. At temperatures 200 to 300 K, this condition is fulfilled since the diffusion length is about 30 µm. On the contrary, at lower temperatures already under moderate fields the drift begins to play the main role. The distribution of non-equilibrium carriers becomes asymmetric and its concentration occurs larger in direction to the anode contact which corresponds to the drift direction of minority carriers, i.e., electrons in our case. It is easy to show that in case the bipolar drift length L drift is longer than the bipolar diffusion length L diff . The relationship between the photocurrent and position of the illuminated strip between contacts is as follows where а is the fitting parameter.
As it follows from Eq. (1), the value of ΔI photo increases with increasing the distance x, while x does not exceed the drift length L drift . When x exceeds L drift in Eq. (1), the value ΔI photo becomes independent of x. It is this behavior that was observed in our experiments.
Fitting of experimental dependences ΔI photo /I dark (х) by Eq. (1) is shown in Figs 1 and 2 . Satisfactory agreement between calculations and experiment is achieved with a suitable choice of the fitting parameter a and drift lengths, which are shown in Fig. 3 for different values of electric field strength. As it is seen from Fig. 3 , the drift length in the temperature range under study has a weak dependence on temperature. Moreover, its dependence on the electric field strength is nonmonotonous. It is indicative of the fact that the bipolar drift mobility and lifetime of carriers depend on the field value. Fig. 4 shows results of measurements of the carrier lifetime τ at different values of the lateral electric field and temperatures below 30 K. These data give evidence that, in the studied temperature range, τ in the structures under consideration is practically independent of temperature, and its value is about at low fields. This value is within the interval of lifetimes observed in such structures earlier and corresponds to recombination via impurity centers [12, 13] . With increasing electric fields, the lifetime of NCC, τ, somewhat increases that may be related with a decreasing possibility for carriers to be captured by impurities due to an increase of their average energy in the field. The obtained values of the drift length and lifetime of carriers were used to determine the bipolar drift mobility μ at different values of electric field and temperature. The results are shown in Fig. 5 for structures doped both in the center and at the edge of QW. Under low electric fields, the mobility increases with growing temperature that is characteristic for impurity scattering of carriers. It should be noted that at the same temperature the mobility in the on-edge doped samples is higher as compared to the center-doped ones. A mobility increase with moving impurity position from the center to the edge of QW is caused by decreasing impurity scattering. The latter is caused by a decrease of overlapping extent of enveloping wave functions of charge carriers in the size-quantized subband with ionized impurity atoms. Fig. 5 shows that the bipolar drift mobility of carriers decreases with increasing the electric field value. It may be explained only by contribution of more heavy holes to conduction in the higher subbands of QW due to their occupation caused by heating the holes up by electric field. As follows from our calculations, the hole effective mass in the first, second and third subbands in the structures under study is 0.26m 0 , 0.32m 0 , 0.41m 0 (m 0 is the free electron mass), respectively.
Conclusions
Thus, for the SiGe/Si heterostructures with delta-doped quantum wells we have determined the drift length of non-equilibrium charge carriers under the lateral electric fields within the temperature range 20 to 77 K. It has been shown that the non-linear dependence of the drift length on the magnitude of electric field is caused by the field dependences of charge carrier mobility and lifetime. The observed decrease of bipolar mobility under strong electric fields is explained by transitions of holes to the second size-quantized subband in the quantum well due to heating by field, where they have a higher effective mass.
